This review is about the isolation as well as chemical and biological characterization of simple and complex mono-, sesqui-, di-, sester-and tri-terpenes produced by fungal pathogens of agrarian and forest plants and by some allelopathic plants. In several cases, the structure activity relationships are also discussed, as well as their potential application in agriculture as natural safe herbicides, fungicides and bactericides. Furthermore, the potential application of some fungal terpenes as anticancer compounds with a new mode of action is also discussed.
Many phytotoxins of plant origin are reported as allelochemicals and for some of them the mode of action has also been studied [7] . In particular, the use of plant phytotoxins as natural herbicides to control the growth of parasitic weeds or the use of metabolites isolated from root exudates of cultivated plants to induce their so called suicidal germination or the role of plant metabolites as phytoalexins is very interesting [8] . Some of these analyses have led to the identification of interesting terpenes with practical applications in agriculture as safe herbicides, fungicides and bactericides [2, [9] [10] [11] [12] , and, more recently, their potential application as anticancer compounds, as reported below. This review thus reports the natural sources, the chemical structures, the biological characterization and the structure-activity relationships of some simple and complex mono-, sesqui-, di-, sester-and tri-terpenes isolated from phytopathogenic fungi and allelopathic plants.
Complex monoterpenes as phytotoxins produced by phytopathogenic fungi
Phomentrioloxin and foeniculoxin: A new phytotoxic geranylcyclohexentriol, named phomentrioloxin (1, Scheme 1), was recently isolated from the liquid culture of Phomopsis sp., a fungal pathogen proposed for the biological control of Carthamus lanatus, C-4, the spectroscopic data for which were consistent with the structure assigned to 1. Subtraction of the 1 H NMR data of the R-MTPA ester from those of the S-MTPA ester of 1 permitted the determination of the  values for all the protons, as well as the assignment of an R-configuration to C-4. Consequently, a 1R, 2R, and 3R configuration was assigned to C-1, C-2 and C-3, respectively, while 1 was formulated as (1R,2R,3R,4R)-3-methoxy-6-(7-methyl-3-methylene-oct-6-en-1-ynyl)-cyclohex-5-ene-1,2,4triol [15] . When applied to leaves of both host and non-host plants the toxin causes the appearance of necrotic spots at a concentration of 6.85 mM. It also causes growth and chlorophyll content reduction in the fronds of Lemna minor, as well as the inhibition of tomato rootlet elongation. Finally, in preliminary bioassays, phomentrioloxin did not show any antibacterial, fungicidal, or zootoxic activity. In all the bioassays the two derivatives had almost no activity [15] .
The closest phytotoxin to phomentrioloxin appears to be foeniculoxin (2, Scheme 1), a geranyl hydroquinone isolated as the main bioactive lipophilic metabolite from the culture filtrates of a strain of Phomopsis phoeniculi, which is the causal agent of wilting of stems and inflorescences of fennel [Foeniculum vulgare subsp. vulgare var. vulgare (Mill.) Thell and var. dulce (Mill) Thell]. This disease led to a marked decrease in fruit production in some areas of Italy and France. As fennel fruits are economically important in the phytotherapy and food industries, a study was planned to select lines of fennel resistant to the disease using the toxin produced in vitro by P. foeniculi. Foeniculoxin was characterised using spectroscopic methods as 2-(6,7-dihydroxy-7-methyl-3-methylenoctan-1-ynyl)-hydroquinone. The structure of foeniculoxin was confirmed by preparing some key derivatives by converting 2 into the corresponding 1,4,6'-O,O',O"-triacetyl-, 1,4-O,O'-dimethyl-and 6',7'-O,O'-isopropylidene-derivatives, by standard acetylation, methylation with diazomethane and acid catalysed ketalization with dry acetone, respectively. Catalytic hydrogenation was employed to convert foeniculoxin into the corresponding hexahydroderivative, while mild oxidation yielded the corresponding p-benzoquinone and the products of the oxidative cleavage of the glycol system present in the side chain. As expected, the spectroscopic properties of all the derivatives were fully consistent with the structure assigned to the toxin. Furthermore, a series of NOE-difference spectra of 1,4-O,O'-dimethylfoeniculoxin confirmed the substituent pattern of the aromatic ring of the toxin [16] . Foeniculoxin belongs to the polyprenylated 1,4-benzoquinone and hydroquinone groups of natural compounds. They also included ubiquinone, plastoquinone, and tocopherols, which are widespread in plants, animals and marine organisms, and play important roles in electron transport, photosynthesis, and as antioxidants [2] .
Sesquiterpenes produced by phytopathogenic fungi and allelopathic plants
Sericardines A-C: From culture filtrates of three Seiridium species (S. cardinale, cupressi and unicorne), three new structurally related metabolites, named seiricardines A, B and C (3, 4 and 5, Scheme 2), were isolated, together with four butenolides (seiridins), a 14macrolide (seiricuprolide) and a pentasubstituted isobenzofuranone (cyclopaldic acid) [10] . These fungi were associated with the canker diseases of cypress (Cupressus sempervirens L. Scheme 2: Phytotoxic, fungal, substituted octahydro-1H-indene sesquiterpenoids: seiricardines A-C (3-5).
In particular, seiricardine A (3) is a bicyclic sesquiterpene that, on the basis of its spectroscopic properties, was identified as octahydro-1-isopropenyl-2,5-dihydroxy-3a,4,5-trimethyl-1Hindene. Its structure was confirmed by preparing the corresponding 2-O-acetyl-and 2-oxo-derivatives through standard acetylation and mild acidic oxidation, respectively, while the catalytic hydrogenation of 3 yielded the 8,10-dihydroderivative. As the toxin withstood crystallization, the relative stereochemistry of the six chiral carbons (C-1, C-2, C-3a, C-4, C-5 and C-7a), as well as that of the two ring junction, were ascertained by a series of NOE difference spectra. They allowed the assignment of a [1, 2] -transjunction between the two rings and the relative stereochemistry with respect to the chiral centres, as illustrated in Scheme 2 [17] . Seiricardines B and C (4 and 5), characterised using the same spectroscopic methods, proved to be two tricyclic sesquiterpenes belonging to the same chemical class as 3. They were characterised by the absence of the disubstituted double bond of the isopropenyl group at C-1 and the secondary hydroxy group at C-2. Furthermore, the presence of a methylene group (H 2 C-2) was noted in the cyclopentane ring, and a quaternary oxygenated carbon and a hydroxymethyl group in the hydroxyisopropyl side chain at C-1. Therefore, the third ring present in seiricardines B and C proved to be an ether bridge between C-5 and C-8, and the two toxins are epimeric diastereomers at C-8. Seiricardines B and C are two diastereomeric octahydro-1-(1-hydroxyisopropyl)-3a,4,5-trimethyl-5,8-epoxy-1H-indenes [18] . The structure of both toxins was confirmed by resorting to the corresponding monoacetyl derivatives, which, unlike the acetylation of the primary hydroxy group, unexpectedly showed cleavage of the ether bridge, with the subsequent formation of a trisubstituted double bond between C-5 and C-6, as well as the presence of a tertiary hydroxy group at C-8; the latter proved to be acetylated in the other two derivatives of 4 and 5 obtained from the same reaction [18] .
When absorbed by severed twigs of cypress, a 0.3 mg/mL solution of seiricardine A resulted in leaf yellowing and browning [17] , while seiricardines B and C caused leaf chlorosis, followed by browning and chlorosis, respectively; whereas on tomato and bean cuttings they caused chlorosis and necrosis, and chlorosis, respectively [18] . Subperidermal injection of a 0.1 mg/mL solution of 3 into young cypress trees produced necrotic lesions on the stem and a diffuse yellowing of adjacent twigs [17] ; seiricardines B and C in the same test induced a hypertrophic reaction of the tissue adjacent to the site of injection and a reddish discoloration of distal leaves, and reddening and longitudinal lesions, respectively [18] . In the agar diffusion assay, seiricardine A, at a concentration of 100 g/mL, showed a fungistatic effect on three test fungi [17] , while seiricardine B, compared with seiricardine C, showed a higher inhibitory effect on the mycelial growth of the three test fungi [18] . attack a large number of important crops causing severe yield losses. The continuous spread of broomrapes and dodder limits the choice of rotational crops and often forces farmers to give up on growing the most profitable ones. Heavy infestations lead not only to a complete crop failure, but also have a great negative impact over many years, because seeds can survive in soil for a long period, preventing the reasonable production of legumes and vegetables in the infested fields. Effective management of parasitic weeds is very difficult because of their physiological traits and life cycle [19] . Considering that seed germination is a key phase for parasitic plant development and infestation, a further approach proposed for the management of these weeds has been to use natural metabolites produced by plants as seed germination inhibitors. Indeed, plants may compete by suppressing the growth of neighbouring plants by the production and release of allelopathic compounds. Many phytotoxins of plant origin are reported as allelochemicals and, for some of them, the mode of action was also studied [7] .
In an early attempt to find novel bioactive metabolites to be used as natural and safe herbicides for parasitic weed management, the organic extracts of 10 Mediterranean plants were evaluated for their inhibitory effects on seeds of field dodder (Cuscuta campestris Yuncker) and crenate broomrape (Orobanche crenata Forsk.). Among them, the extract obtained from Inula viscosa (L.) Aiton was one of the most active. Four new phytotoxic bi-and tri-cyclic sesquiterpene lactones, named inuloxins A-D (6-9, Scheme 3), were isolated together with the well-known -costic acid (11, Scheme 3), from the aerial parts of Inula viscosa (family Asteraceae), a widespread Mediterranean plant well known for its content of pharmacologically active metabolites. The structures of inuloxins A-D were established by spectroscopic and chemical methods to be: (4E,7R*,8R*,10S*)-3oxo-germacra-4,11(13)-dien-8-12-olide (A), its 11,13-dihydro analogue (B), (5R*,7R*,8R*,10R*)-1,15-methylene-5-hydroxyeudesm-1(15),11(13)-dien-8-12-olide (C), and (7R*,8R*)-1,4dimethyl-4-hydroxy-secoeudesm-5(10),11(13)-dien-8-12-olide (D) [20] . The S absolute configuration at C-5 of the 5-hydroxyhexan-2yl side chain of inuloxin D was assigned by applying Mosher's method [14] , above cited. Both inuloxins C and D do not appear to follow the isoprenoid biosynthetic "rule". They were probably generated by a mechanism that involved a rearrangement of the precursor's carbon skeleton. However, this result is not surprising as several other sesquiterpenoids, including sesquiterpenoid lactones, isolated from different natural sources (marine organisms, plants and fungi) possess structures which represent exceptions to the isoprenoid biosynthetic "rule" [20] .
The phytotoxic activity of inuloxins A-D, that of derivative 10 (Scheme 3) obtained by reaction of inuloxin A with diazomethane and the 5-O-acetyl derivative of inuloxin C, as well as that of costic acid (11) were evaluated against two parasitic plant species, crenate broomrape (O. crenata) and field dodder (C. campestris).
Inuloxins A, C and D were the most active towards both parasites and caused up to 100% inhibition of seed germination. Inuloxin B was less active towards Cuscuta and completely inactive against Orobanche. The main metabolite, -costic acid, had a suppressive effect on dodder seed germination, but had a stimulating effect on broomrape seed germination [20] . These results led to the hypothesis that, among the inuloxin group, the tetrasubstituted 2furanone ring is a structural feature important for the activity, whereas other structures linked to this ring, namely octahydrocyclodecenone, decahydronaphtho and tetrahydrobenzo present in inuloxin A and B, C, and D, respectively, do not seem to be as important for the biological activity. In the furanone ring the presence of the exocyclic methylene group plays a particular role in the activity, because when it is saturated, as in inuloxin B, it results in the complete loss of activity. A role was also played by the tertiary hydroxy group at C-4a of inuloxin C as its acetylation, a reversible modification, induced a partial loss of activity.
Diterpenes produced by fungi pathogenic for agrarian, forest and weed plants
Fusicoccin: Fusicoccin (12, Scheme 4) is a well-known bioactive fungal metabolite extensively studied by our group. Fusicoccin, the -glucoside of a carbotricyclic terpene, is the major toxic metabolite of Fusicoccum amygdali, the causative agent of peach and almond canker. Many studies have been carried out on the chemistry, biosynthesis, biological properties, and structure-activity relationships of this toxin [9, 21] . The leaf wilt caused by the pathogen is reproduced by the pure toxin, which induces the opening of stomata and consequently impairs the water balance in infected plants [9] . The mechanisms by which fusicoccin affects 404 Natural Product Communications Vol. 9 (3) 2014
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stomatal movement are the same as those responsible for toxinpromoted growth by cell enlargement, seed germination, and transport of ion and other solutes across the plasma membrane in higher plants [9, 22] . Considering these biological activities, it was planned to use 12 in parasitic weed biological control through "suicidal germination". The germination of root parasitic plants depends on chemical exudate from the root of the host plants.
Today the natural chemical of several germination stimulants is known in the case of Striga spp., Orobanche and Phelipanche spp. in which most of them are strigolactones isolated from the root exudates of host and non-host plants [23] .
Synthetic analogues of strigolactones, referred to as the GR family, have been developed and tested, while several natural sesquiterpene lactones (SL) and their derivatives were also used to carry out structure-activity relationship studies on O. cumana seed germination [24, 25] . However, the instability of strigolactones in soil and their high synthetic costs preclude their use under practical field conditions. Considering these circumstances and their ability to affect Orobanche seed germination, fusicoccin A, its aglycone, several of their derivatives, and cotylenol, which is the aglycone of all cotylenines, were tested. Cotylenines are diterpenoids closely related to fusicoccin A produced by Cladiosporum sp. 501-7W, as demonstrated by the first isolated cotylenin A (13, Scheme 4) [26] .
A structure-activity relationship study was conducted by assaying 25 fusicoccin natural analogues and derivatives and cotylenol, in the stimulation of Phelipanche ramosa seed germination. The results indicate that the answer is dependent on the species of parasitic weed tested and that in both fusicoccin glucosides and aglycones (including cotylenol) the most important structural feature to impart activity appears to be the presence of the primary hydroxy group at C-19. Furthermore, the functionalities and the conformation of the carbotricyclic ring are of significant importance. The most active fusicoccin derivatives appear to be the 8,9-isopropylidene of the corresponding aglycone and dideactylderivative. The latter being prepared easily, rapidly and in high yield from 12 could also be interesting for a potential practical application in the biological control of O. ramosa as a suicidal germination stimulant [27] .
Fusicoccin A activates the plasma membrane H + -ATPase by stabilizing its binding to 14-3-3 proteins, resulting in water loss and wilting of infected plants [28] . Similarly, fusicoccin A has been shown to target 14-3-3 proteins in cancer cells [29] and promote isoform-specific expression of 14-3-3 proteins in human gliomas [30] . Takahashi et al. [29] found that these 14-3-3 proteins play a critical role in serine/threonine kinase dependent signalling pathways through protein-protein interactions with multiple phosphorylated ligands. In addition, de Vries-van Leuwen et al. [31] showed that fusicoccin A-induced anticancer activity can be enhanced by combining it with the cytokine interferon-gamma (IFNgamma); IFNgamma primes the tumor cells for apoptosis induction by fusicoccin A. Healthy cells (Human Umbilical Vein Endothelial Cells; HUVECs) are far less sensitive to IFNgamma/fusicoccin A treatment and they need the continuous presence of both compounds in order to achieve a growth reduction [31] . Fusicoccin A mediates cytostatic effects in glioma cells through the inhibition of the activities of a dozen kinases, including Focal Adhesion Kinase (FAK), known to be implicated in cell proliferation and migration [32] . [33] . In order to obtain information on the structure-activity relationship of sphaeropsidins, eight derivatives were prepared by chemical transformation of the functionalities present in sphaeropsidins A, B and C. The aim of this work was to identify which structural features are essential for the biological activities of these compounds, in order to better understand their mechanism of action on plants, role in pathogenesis, and potential antimicotic activity. The effect of each compound on plants that are either hosts or nonhosts of the pathogen was investigated. Activity on some plant pathogenic fungi was also tested. Some structure-activity relationships have been identified for both phytotoxic and antifungal activity. It appears that the integrity of the tricyclic pimarane system, the preservation of the double bond C(8)-C (14), the tertiary hydroxy group at C-9, the vinyl group at C-13 and the carboxylic group at C-10 provide these molecules with nonselective phytotoxic and antimycotic activity [33] .
Sphaeropsidins and smardesins: Sphaeropsidin
Sphaeropsidins A-F belong to the ent-pimaradiene diterpene subgroup. To the same subgroup belong momilactones and oryzalexins (17 and 18 and 19-22 , Scheme 5), which are phytoalexins produced by rice (Oryza sativa L.) as a consequence of attack by Pyricularia orizae, and so with a potential application in the control of plant diseases. Considering that sphaeropsidins are structurally similar to both momilactones and oryzalexins and their above reported antifungal activity, a study was carried out to investigate the potential antibacterial activity of sphaeropsidin A against several bacterial rice pathogens and to identify which structural features are essential for this biological activity. For this reason, 14 derivatives were prepared by chemical transformation of the functionalities present in sphaeropsidins A, B, and C and also tested in comparison with the natural sphaeropsidins against the three rice bacterial pathogens: Xanthomonas oryzae pv. oryzae, Pseudomonas fuscovaginae, and Burkholderia glumae, the causal agents of severe bacterial rice diseases. The results show a strong and specific activity of sphaeropsidin A against X. oryzae pv. oryzae, while no activity was observed against the other two pathogens. The results of this structure-activity relationships study show that the structural features that are necessary to impart this antibacterial activity Terpenoids from phytopthogenic fungi and allelopathic plants Natural Product Communications Vol. 9 (3) 2014 405 include the presence of the C-7 carbonyl group and the hemiketalic lactone functionality. The C-13 vinyl group, the double bond of ring C and/or the tertiary C-9 hydroxy group, as well as the pimarame arrangement of the tricylic carbon skeleton were also important for the antibacterial activity. These findings may be useful in devising novel compounds for practical application in agriculture [34] .
Sphaeropsidin A also appears to be interesting as a natural drug against dengue fever. Aedes aegypti L. (Diptera: Culicidae) is the major vector of dengue fever virus, which can attain epidemic levels resulting in high rates of human mortality [35] . Synthetic and natural insecticides, including pyrethroids, are approved by the EPA to be used as repellents, but only when applied on clothing [36] . However, pyrethroids used to control a wide range of arthropods are considered dangerous for agriculture and human health because of their toxicity [37] . These problems were increased by the resistance developed against pyrethroids or insecticides of any class and prompted the development of alternative control strategies based on the use of natural products. From a preliminary screening of fungal phytotoxins, cyclopaldic acid, seiridin, sphaeropsidin A (14) and papyracillic acid [38] were evaluated for their biting deterrent and larvicidal activity against Ae. aegypti L. Because compounds such as cyclopaldic acid, seiridin, sphaeropsidin A (14) and papyracillic acid exhibited mosquito biting deterrent activity, and cyclopaldic acid and 14 demonstrated larvicidal activity, further structureactivity relationship studies were initiated on these active toxins. In particular, sphaeropsidins A and B (the 7-O-dihydroderivatives of 14), and four hemisynthetic derivatives were tested in a biting deterrent assay. 6-O-Acetylsphaeropsidin A, 8,14methylensphaeropsidin A methyl ester and sphaeropsidin B showed activity greater than that of the solvent control. Sphaeropsidin B was the most active biting deterrent, statistically similar to DEET (N,N-diethyl-3-methylbenzamide). In the larvicidal screening bioassays, compound 14 demonstrated larvicidal activity based on its LD 50 values (LD 50 =36.8 ppm) [39] .
Sphaeropsidins A (14) , B and C [33] , and ten semisynthetic derivatives were evaluated for their in vitro anticancer activities against five human cancer cell lines: OE21 esophageal cancer, A549 non-small-cell lung cancer, SKMEL-28 melanoma, Hs683 oligodendroglioma, and U373 glioblastoma. The mouse cancer cell line B16F10 melanoma was also used. The overall growth level of the cancer cell lines was determined using the colorimetric MTT (3-[4,5-dimethylthiazol-2yl])-diphenyl tetrazolium bromide) assay [40] . Among these 13 compounds, only sphaeropsidin A and two of its derivatives, 6-O-acetyl-and 15,16-dihydro-sphaeropsidin A, displayed 50% growth-inhibitory concentration in the single-digit micromolar range for all cell lines analyzed. These compounds were also as/or more active than various chemotherapeutic drugs, i.e. cisplatin, etoposide, carboplatin, and temozolomide (used as positive controls). Structure-activity relationship paralleled the phytopathogenic and antimicrobial activities reported above, except that the vinyl group at C-13 does not seem to be required, whereas it is for their antipathogenic activity [41] .
Sphaeropsidin A and its 6-O-acetyl derivative, and sphaerospidin D were the only three compounds which showed anticancer activity against human non-small cell lung cancer (NCI-H460), CNS glioma (SF-268), breast cancer (MCF-7), human metastatic breast adenocarcinoma (MDAMB-231), prostate adenocarcinoma (PC-3), metastatic prostate adenocarcinoma (PC-3M), pancreatic cancer (MIAPaCa-2), and normal human fibroblast (WI-38) cells, using a MTT colorimetric method, when tested together with several natural sphaeropsidin derivatives and smardaesidins. The latter are five new isopimarane diterpenes (smardaesidins A-E) (smardaesidin A, 15, Scheme 4) and two new 20-nor-isopimarane diterpenes (smardaesidins F and G). More importantly, sphaeropsidin A (14) showed cell-type selectivity in the cytotoxicity assay and inhibited migration of metastatic breast adenocarcinoma (MDA-MB-231) cells at subcytotoxic concentrations [42] Chenopodolin: A new ent-pimaradiene named chenopodolin (16, Scheme 4) was recently isolated from Phoma chenopodiicola, a mycoherbicide proposed for the biocontrol of Chenopodium album, a common world-wide weed of arable crops such as sugar beet and maize. The structure of chenopodolin was established by spectroscopic and chemical methods and was formulated as 1,12acetoxy-2,3-hydroxy-6-oxopimara-7(8),15-dien-18-oic acid 2,18lactone. The structure was confirmed by X-ray analysis, which enabled the assignment of the relative configuration. Finally, the absolute configuration was assigned by applying the above cited Mosher's method [14] as The results showed that the hydroxyl group at C-3, the -unsaturated ketone at C-6, and probably the vinyl group at C-13 are important features for the activity. The acetyl group at C-1 does not affect the phytotoxicity. None of the compounds showed any antibacterial or antifungal activities when assayed on microorganisms up to 100 µg/disc [43] .
Oryzalexins A-D and momilactones A and B:
As cited above, when rice was infected by Perycularia oryzae, which induces blast leaves, it produced phytolexin-like substances. These could also be used for plant disease control, and, therefore, efforts were made to isolate and chemically characterize these substances to ascertain their fungicidal activity. The first isolated compounds showing these properties were momilactones A and B (17 and 18, Scheme 5), characterised as two new 9--pimaradiene diterpenes. When momilactones A and B were assayed at a concentration of 5 and 1 g/mL respectively, both caused 50% inhibition of germ tube growth of P. oryzae [44] . Successively, another closed group of entpimaradienes was isolated from rice blast leaves infected by P. oryzae and characterised as novel phytoalexins, namely oryzalexins A-D (19-22, Scheme 5) [45, 46] . Oryzalexins A-C strongly inhibited the spore germination of P. oryzae, with ED 50 values of 130, 68 and 136 ppm, respectively. Complete inhibition of spore germination was observed at 200, 200 and 250 ppm for 19, 20 and 21, respectively. Furthermore, the same compounds strongly suppressed the germ tube elongation of P. oryzae, where ED 50 values were 35, 18 and 35 ppm, respectively [45] . When tested at 230 ppm, oryzalexin D showed a 50% inhibition of mycelial growth of P. oryzae [47] .
Sestertepenes produced by fungi pathogenic for agrarian and weed plants
Ophiobolins: Ophiobolin A (23, Scheme 6) was isolated, together with similar minor metabolites identified as 6-epi-, 3-anhydro-6epi-ophiobolin A and ophiobolin I (24, Scheme 6) from Drechslera gigantea, a potential mycoherbicide of grass weeds isolated in Florida from large diseased crabgrass (Digitaria sanguinalis) [48] . Successively, from the liquid culture of the same fungus a new ophiobolin named ophiobolin E (26, Scheme 6) was also isolated [48] . From the solid culture of the same fungus, two previously known ophiobolins were isolated and identified as ophiobolin The ophiobolins are a group of polycyclic sesterterpenoids with a common moiety. They are secondary phytotoxic metabolites produced by pathogenic fungi that attack several crops, such as rice, maize and sorghum. Ophiobolin A was the first member of the group to be isolated [50] . In addition to ophiobolin A, several analogs were isolated in the late 1960s and their structures were determined. Much information has been accumulated regarding the biological activities of ophiobolins, as well as their biosynthesis, although neither the enzymes nor the genes responsible have been identified [50] . When assayed on punctured and detached leaves of several grass and dicot weeds, ophiobolin A proved to be, on average, more toxic than the other related compounds. Some structural features appear to be important for the toxicity, such as the hydroxy group at C-3, the stereochemistry at C-6 and the aldehyde group at C-7. Furthermore, grass weeds usually proved to be more sensitive to the toxins. Particularly sensitive is Phalaris canariensis on which ophiobolin A caused the appearance of extensive necrosis at the lowest concentration assayed [48] . Furthermore, ophiobolin B and J, tested at a concentration of 0.5 mg/mL on four weed plants using the leaf-puncture assay, proved to be toxic, whereas the two new ophiobolins, ophiobolin E and 8-epiophioblin J, appeared to be inactive on all the tested plant species.
The modulated activity of ophiobolin B on the different tested plants appears to be similar to that of the above reported activities for ophiobolin A (23). This result was predictable because the two ophiobolins are structurally similar. Moreover, ophiobolin J (27), having reduced or no activity, is related to ophiobolin I (24) , which proved to be inactive [48] . The different levels of phytotoxicity shown by the two ophiobolins J and I can be attributed to the different conformations that the octacyclic B ring can assume, as a consequence of the different position of the double bond, which is located between C-7 and C-8 in 24, and between C-6 and C-7 in 27. Probably, when present, the epimerization of the hydroxy group of C-8, observed for the first time in 28, imparts the total loss of activity. The significant structural differences present in ophiobolin E could justify the observed inactivity on the tested plants. In fact, this latter ophiobolin showed the conversion of the cyclopentane C ring, present in all the other ophiobolins, into a 1,3-cyclopentadiene joined with the D ring, which in turn is present for the first time as a tetrasubstituted dihydropyran ring. Consequently, the configuration of the octacyclic B ring, as well as that of the 2,2dimethylvinylidene residue at C-17, should be substantially changed. Moreover, as a further difference with respect to the other ophiobolins, 26 showed a lack of a ketone group at C-5, which determines a different A ring conformation [49] .
Considering the aforementioned results on the efficacy of fusicoccin and cotylenin derivatives in stimulating seed germination of parasitic plants, and that ophiobolins share the same 5-8-5 carbotricyclic skeleton with both diterpenoid families, a study to test the effect of some fusicoccin derivatives and ophiobolin A on seed germination of different The results showed that stimulation of seed germination is species dependent and is also affected by the concentration of the stimulant. Among ophiobolin A, fusicoccin A and its seven derivatives, tested in the concentration range of 10 -4 -10 -7 M, the highest stimulatory effect was observed for ophiobolin A (23) and the hexacetyl and pentacetyl isomers of 16-O-demethyl-de-tert-pentenylfusicoccin prepared by chemical modification of the fusicoccin, while the other fusicoccin derivatives appeared to be practically inactive. The most sensitive species appeared to be P. aegyptica, O. cumana, O. minor, and, to lesser extent, P. ramosa. [51] . In addition, ophiobolin O (27, Scheme 6), a natural compound isolated from Aspergillus ustus 094102, demonstrates anti-proliferative effects in human breast cancer MCF7 cells and this activity appears to be time and dosedependent. Compound 27 efficiently induced apoptosis in the same cells using the Annexin V/P binding assay [52] .
Recently, ophiobolin A was tested against three human (A549 nonsmall lung, SKMEL-28 melanoma, Hs683 oligodendroglioma) and one mouse cancer cell line (B16F10 melanoma model) using the MTT colorimetric method. The B16F10 melanoma model was also assayed in vivo. Ophiobolin A (23) affects cancer cells by activating pro-apoptotic processes. Ophiobolin A also displayed significant antitumor activity at the level of mouse survival when assayed at 10 mg/kg in the B16F10 melanoma model with lung pseudo metastases [53] . Further studies showed that ophiobolin A induces marked changes in the dynamic organization of the F-actin cytoskeleton and inhibits the proliferation and migration of glioma cells, most likely through inhibition of BKCa ion channel activity [53] . It has also been shown that ophiobolin A induces a paraptosis-like, not apoptotic, cell death in glioma cells [54] .
Triterpenoids produced by allelopathic plants
Soyasapogenel B: Studies regarding biological control of parasitic plants, based on the above reported "suicidal germination" method, were also carried out on Vicia sativa root exudates. Indeed, its root exudates showed high stimulatory activity on seed germination of the four broomrape species studied, namely P. aegyptiaca (75. , by comparison of their spectroscopic data with those reported in the literature [55] . Soyasapogenol B induced germination of O. minor seeds in a differential manner, not stimulating any of the other Orobanche or Phelipanche species studied. A dose-response study confirmed high stimulatory activity on O. minor seed germination of soyasapogenol B isolated from V. sativa root exudates when tested at 10 -3 (71.0%) and 0.5x10 -3 M (64.1%). Stimulatory activity was still significant, but markedly reduced at 10 -4 M (10.2%), while not significantly different from the negative control at a concentration of 10 -5 M (5.1%). Soyasapogenol B commercial source was significantly active only at 10 -4 M (35.2%) [55] .
Soyasapogenol B is a plant metabolite belonging to the group of triterpenoid saponins, whose physiological properties in vegetable foodstocks are of significant medical and agricultural importance. Soyasapogenol B is known to stimulate germination of barley seeds (Hordeum vulgare L.). Soyasapogenol B (30) was very specific, stimulating germination of only O. minor seeds, which reinforced its potential utility for broomrape management causing suicidal germination [55] .
